By using bi-directional inductive power transfer (IPT) systems as battery chargers for electric vehicles (EVs), battery charging operations become convenient and safe. However, IPT systems have problems such as occurrences of much electromagnetic noise and power loss because the converters of IPT systems are driven in high frequency by tens of kHz. To solve these problems, there is a case where the soft-switching technique needs to be applied to the converters of IPT systems. However, in soft-switching operation, the power factor of the resonant circuit becomes lower, resulting in a lower resonant circuit efficiency. In previous works, when the soft-switching technique was applied to the converters, the resonant circuit had not always been able to be operated with high efficiency because the influence caused by soft-switching operation had not been considered. For this reason, there was a case where the efficiency of the overall system with soft-switching operation became lower than the efficiency in hard-switching operation. Therefore, in this paper, the influence on the efficiency of the resonant circuit caused by the soft-switching operation is clarified by the theoretical analysis and experiments; then, the guideline for improving the efficiency of IPT systems is shown. As a result, in the experiments, it could be understood that the efficiency of the overall system with soft-switching operation becomes higher than the efficiency in hard-switching operation when the operating point of the resonant circuit was close to the requirement guideline, which is shown by using the primary-side voltage and the secondary-side voltage of the resonant circuit. Therefore, it is suggested that the efficiency of IPT systems could be improved by properly regulating the primary-side direct current (DC) voltage.
Introduction
There is an adjustment method for supply and demand balance in a power system by utilizing the batteries on electric vehicles (EVs) as a part of energy storage systems [1] [2] [3] [4] [5] . In that case, these systems can be safe and maintainable by using bi-directional inductive power transfer (IPT) systems as battery chargers for EVs [1, 2, [6] [7] [8] [9] [10] [11] . However, IPT systems have a problem in that the power loss is larger than that of wired plug-in charging systems. The large power loss causes the increase of wasteful energy consumption and the size and weight of a system. Thus, to familiarize IPT battery charging systems, it is very important to reduce the power loss. For these reasons, research related to improving the efficiency has been conducted actively.
Previously, the maximum-efficiency-tracking method for the resonant circuit [2, [7] [8] [9] [12] [13] [14] [15] , the design method for the resonant circuit [2, 11, 16] , the switching frequency control method for the secondary-side converter [14, 17] , and the soft-switching technique [9, 15, [18] [19] [20] were proposed as the efficiency improvement method for IPT systems. In general IPT systems, much electromagnetic noise and power loss occur because the converters of IPT systems are driven in high switching frequency by tens of kHz. For these problems, there is a case where the soft-switching technique needs to be applied to the converters of IPT systems [9, 15, [19] [20] [21] .
However, in soft-switching operation, the power factor of the resonant circuit becomes lower, which causes the efficiency of the resonant circuit to be lower. This is because it is necessary to have the phase difference between the output voltage and the output current of the converters when the soft-switching technique is applied to the converters. Thus, there is a case where the efficiency of the overall system with soft-switching operation becomes lower than the efficiency without soft-switching operation if soft-switching operation is not applied to the converters appropriately. From the above, when the soft-switching technique is applied to the converters in IPT systems, it is necessary to consider the influences caused by soft-switching operation. However, in previous works, these influences have not been clarified, and the resonant circuit and the system have not been able to be operated in high efficiency [9, 15, 19, 20] . Therefore, in this paper, the influences on the efficiency of the resonant circuit caused by soft-switching operation are clarified by the theoretical analysis and experiments. Moreover, the guideline for improving the power transfer efficiency of IPT systems is shown. 
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The bi-directional inductive power transfer (IPT) system studied in this paper.
This IPT system is constructed from two active bridges and an SS-type resonant circuit. The SS-type resonant circuit is a circuit where compensation capacitors are connected to the transmission coils in series. In this system, as the control inputs, there is a phase shift amount between the legs of the gating signals in the primary-side active bridge α 1 [rad] (0 ≤ α 1 ≤ π − θ d ), the phase shift amount between the legs of the gating signals in the secondary-side active bridge α 2 [rad] (0 ≤ α 2 ≤ π − θ d ), and the phase shift amount between the gating signals for S 11 and S 21 δ [rad]. The relationships between these gating signals and the output voltage waveforms of the active bridges with soft-switching operation are shown in Figure 2 .
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Range for the zero cross point of I 1 to achieve soft switching In addition, θ d [rad] is the angular quantity derived from the ratio of the dead-time length accounting in the switching period; this angle is named "angle equivalent to dead-time length" in this paper. The output voltagesV 1 ,V 2 [V] and currentsİ 1 ,İ 2 [A] of the active bridges can be regulated by controlling these inputs. In addition, the active bridges can achieve soft-switching operation by controlling these inputs appropriately. In the soft-switching operation, the output voltage waveforms of the active bridges are shown in Figure 2 . However, in this system, the angular frequency of the output of active bridges ω act [rad/s] is set at constant to resonant frequency from the viewpoint of the leakage magnetic field.
In the SS-type resonant circuit, the capacitances of compensation capacitors C 1 , C 2 [F] are designed to resonate with the self-inductances of transmission coils L 1 , L 2 [H], respectively, at 85 kHz. In this case, each characteristic of the resonant circuit can be considered with onlyV 1_1 ,V 2_1 [V], which is the fundamental component ofV 1 ,V 2 , respectively, because the resonant circuit works as a band-pass filter at the resonant frequency of 85 kHz. Therefore, based on Figure 2 , when soft-switching operation is applied to the active bridges,V 1_1 andV 2_1 are expressed aṡ
(1)
where the positive directions of the voltages are shown with the arrows in Figure 1 , and the phases of voltages are based on the phase of the gating signal for S 11 . In this case, the output currents of the active bridgesİ 1_1 andİ 2_1 [A] are expressed aṡ
and (4)
where the positive directions of the currents are shown with the arrows in Figure 1 , and M [H] is the mutual inductance between the primary-side coil and the secondary-side coil. From (1)- (6), it is confirmed that the phase ofİ 1_1 delays by π/2 from the phase ofV 2_1 , and the phase ofİ 2_1 leads by π/2 from the phase ofV 1_1 . Thus, eachİ 1_1 andİ 2_1 can be controlled without interference from the phases ofİ 2_1 andİ 1_1 respectively in soft-switching operation. Regarding the requirements for soft-switching operation, the detail of Figure 2 will be explained in the following section. Figure 3 shows the equivalent circuit of an SS-type resonant circuit.
Transmission Power and Efficiency
. Figure 3 . Equivalent circuit of an SS-type resonant circuit.
When the power loss in the system is ignored, the transmission power P tr [W] can be expressed as the following equation [2] :
where δ [rad] is the phase shift amount betweenV 1_1 andV 2_1 . δ is expressed as
The efficiency of the resonant circuit η rc [%] is expressed as
where r 1 and r 2 [Ω] are the ESR of primary-side coil L 1 and secondary-side coil L 2 , respectively. When it is assumed that the quality factors of coils Q are equal to each other, η rc can be expressed as the following equation [2] :
where k is the coupling coefficient between the transmission coils. From the denominator of (10), the conditions for the maximum efficiency of the resonant circuit can be derived by using the relationship of arithmetic-geometric mean. These conditions are expressed as the following equation [2] . δ = π 2 and (11)
Equation (11) shows the requirement for maintaining the highest power factor of the resonant circuit. Equation (12) shows the requirement for balancing between the primary-side current and the secondary-side current. The reason why the balancing requirement is important is that the deviation between both sides of the currents induces the undesirable copper loss. Thus, in the condition where δ is fixed to a value, the sum of the losses in the resonant circuit becomes the smallest when (12) is satisfied. However, when soft-switching operation is applied to the active bridges, it is difficult to satisfy these requirements simultaneously because it is necessary to set the phase difference between the output voltage and the output current of the active bridges. Thus, there is a case where the efficiency of overall system with soft-switching operation becomes lower than the efficiency without soft-switching operation if soft-switching operation is not applied to the converters appropriately. From the above, when soft-switching technique is applied to the converters in IPT systems, it is necessary to consider the influences of the soft-switching operation. However, in previous works, these influences had not been clarified, and the resonant circuit and the system had not been operated under high efficiency requirements. Therefore, in the following sections, the influences on the efficiency of the resonant circuit caused by soft-switching operation are clarified by the theoretical analysis. Figure 4 shows the transition diagram of the operation mode focusing on turning S 11 on with soft switching.
Influences of Soft-Switching Operation
Requirement for Soft-Switching Operation
Time [s] 0 E 1 E 1 E 1 E 1 E 1 E 1 E1 E1 E1 E1
Drain-source voltage of S 11 Drain Current of S 11
Dead time (S11: OFF) S11: ON S11: OFF S 11 S 11 S 11 S 11 S12 S 11 S12 S12 S12 S12 The soft-switching operation upon turning on can be achieved by turning the switch on while the drain-source (D-S) voltage across the switch is zero. In other words, in order to achieve the soft-switching operation, it is necessary that the electric charge stored in the snubber capacitor, which is connected to the switch in parallel for protecting the steep change of the D-S voltage, is discharged completely before turning the switch on. To discharge the electric charge, it is necessary to make the reverse current flows through the switch during the dead time as shown in Figure 4 .
In Figure 2 , the conditions for achieving soft switching in the primary-side and secondary-side active bridges can be confirmed. In addition, the period indicated by hatching shows the dead time in each leg. According to Figure 2 , the reverse current flows through the switch during the dead time by setting a zero-crossing point of the currents within the period indicated by hatching. In this time, if the reverse current is sufficiently large, the electric charge is discharged completely, and D-S voltage becomes zero. Consequently, the soft switching can be achieved in all switches in the active bridge. From the above, the requirement where soft-switching can be achieved at all switches in both active bridges can be expressed as
where θ i1 and θ i2 [rad] are the phases of the primary-side current and the secondary-side current based on the phase of gating signal for S 11 . In (13) , the inequality regarding θ i1 shows the soft-switching requirement for the primary-side active bridge, and the inequality regarding θ i2 shows the soft-switching requirement for the secondary-side active bridge. However, in this paper, the dead time length is assumed to be sufficiently long for the discharging time of the electric charge, and the influence on the requirements for soft-switching operation caused by the discharging is not considered.
In addition, in this paper, only the battery charging mode is assumed. When the transmission power P tr becomes positive and (13) is also considered, the requirement of the control input δ for achieving soft-switching operation can be expressed as
Analysis for Efficiency of the Resonant Circuit
In this section, the influences on the efficiency of the resonant circuit caused by soft-switching operation are clarified. Table 1 shows the circuit parameters for the analysis. Figure 5 shows the efficiency map of the resonant circuit when the battery charging current I charge [A] is 8 A. In Figure 5 , the x-axis shows the phase shift amount between the legs of the primary-side active bridge α 1 [rad] and the y-axis shows the phase shift amount between the legs of the secondary-side active bridge α 2 [rad]. In each point, the phase shift amount δ [rad], which is between the gating signals for S 11 and S 21 , is regulated so as I charge = 8 A. In addition, the dotted lines show the boundary lines for the operation modes of the active bridges. Inside of the boundary lines, which mean in the lower left of the map, all switches of the active bridges can achieve soft-switching (SSW) operation. However, in this paper, the operation mode where at least one of the legs in the active bridge is operated in hard switching is defined as a hard-switching (HSW) operation.
In addition, the boundary lines have been drawn based on the operation mode of the active bridges, respectively. In the soft-switching operation area, the boundary line I is drawn based on the condition expressed as
In this condition, the zero-crossing point of I 1 exists on the left end of the range for achieving soft-switching operation in Figure 2a . On the other hand, in the soft-switching operation area, the boundary line II is drawn based on the condition expressed as
In this condition, the zero-crossing point of I 2 exists on the right end of the range for achieving soft-switching operation in Figure 2b . However, outside of the bounded area where all switches of both active bridges cannot achieve soft-switching operation, the boundary lines cannot be expressed by these equations because the current through anti-parallel diode commutes during the dead time.
The detail of the considerations on these boundary lines will be reported in a future report. From Figure 5 , it is confirmed that the efficiency of the resonant circuit considering soft-switching operation becomes the highest at the point where the boundary lines I and II intersect. Thus, this crossing point satisfies the conditions (15) and (16) , and the condition for the crossing point is expressed as
In condition (17) , the power factor of the resonant circuit becomes the highest because the difference of the phases between the voltages and the currents becomes the smallest. Therefore, the efficiency of the resonant circuit becomes higher. In addition, (17) can be confirmed by Figure 6 , which shows the loci of the maximum efficiency points of the resonant circuit when I charge is varied. In Figure 6 , I charge becomes larger, i.e., the output power becomes larger, on the range where α 1 and α 2 are set to smaller values. As shown in Figure 6 , the loci of the maximum efficiency points are in accordance with (17) when E 2 /E 1 does not deviate from one, which is the requirement for high efficiency based on (12) . This is because the influence of (11) becomes more dominant than the influence of (12) on the efficiency. Thus, the influence of (12) can be ignored when E 2 /E 1 does not deviate far from (12) . On the other hand, when E 2 /E 1 deviates further from (12) , the locus of the maximum efficiency points deviate from the line expressed by (17) . Therefore, a novel equation considering the influence of (12) is necessary when the influence of (12) can not be ignored. The details of this influence will be reported in a future report.
In addition, in the entire operating range, it can be confirmed from Figure 5 that the efficiency of the resonant circuit becomes the highest when conditions (11) and (12) are satisfied. However, the maximum efficiency point in the entire operating range does not match the maximum efficiency point in the soft-switching operating range. Thus, applying the soft-switching technique to IPT systems makes the efficiency of the resonant circuit lower; however, the efficiency of the active bridges can be improved. In other words, there is a possibility that the efficiency of overall systems can be improved when the decrease of the switching losses with soft-switching operation becomes larger than the increase of the conduction loss of the resonant circuit.
Incidentally, when comparing Figure 5a ,b in regard to the maximum points of each operation mode, it is confirmed that the efficiency drop caused by soft-switching operation in Figure 5b is smaller than that in Figure 5a . The reason is that the efficiency drop by deviation from (12) is small in soft-switching operation when E 2 /E 1 equals one. Thus, there is a possibility that the efficiency of overall systems can be improved depending on the value of E 2 /E 1 .
In the experiments, the influence of the soft-switching operation is clarified. 
Experiments
In the experiments, the influence on the overall system caused by the soft-switching operation is clarified by comparing the overall efficiencies in the soft-switching operation and the hard-switching operation. Table 2 shows the parameters used in the experiments and Figure 7 shows the appearance of the experimental setup of Figure 1 . In addition, Figure 8 shows an overview of the experimental setup. In this experimental setup, the system is controlled in open-loop by just one controller for simplification in order to synchronize both-sides active bridges. In actual systems, as one of the methods for the synchronization of the active bridges, the method where the zero-cross points of the resonant circuit currents are detected by current sensors can be assumed; however, this subject will be discussed in a future report. Figure 9 shows the efficiency of the overall system. In the soft-switching operation, the resonant circuit is operated according to the maximum efficiency condition expressed in Figure 6 . In the hard-switching operation, the resonant circuit is operated according to the maximum efficiency condition expressed as (11) and (12) . From Figure 9a , it can be confirmed that the efficiency in the hard-switching operation becomes higher than the efficiency in the soft-switching operation. The reason is that the efficiency drop is large due to the deviation of E 2 /E 1 from one in the soft-switching operation. On the other hand, from Figure 9b , it can be confirmed that the efficiency in the soft-switching operation becomes higher than the efficiency in the hard-switching operation. The maximum improvement value is 0.5% when the output power is 2.4 kW. The reason is that the efficiency drop by deviation from (12) is small in the soft-switching operation when E 2 /E 1 equals one. On the contrary, when the output power is low, the efficiency in the hard-switching operation becomes higher than the efficiency in the soft-switching operation. This is because V 2_1 /V 1_1 deviates further from one as the output power becomes lower. 
where α 2 = α 1 + 2θ d . From the above, there is a possibility where the efficiency of IPT systems can be improved by controlling E 1 to the optimum value where V 2_1 /V 1_1 satisfies (12) . At this time, E 1 can be controlled by using an active filter system connected to a grid.
In addition, Figure 10 shows the waveforms of voltages and currents in the resonant circuit at E 1 = 200 V, E 2 = 150 V, and I charging = 8 A. It can be confirmed that the soft-switching operation can be achieved. From the above, the influences on the efficiency of the resonant circuit with the soft-switching operation were clarified by the theoretical analysis and the experiments, and the guideline for improving the IPT systems efficiency was shown. 
Conclusions
The basic characteristics of bi-directional IPT systems were shown. In addition, the requirements for obtaining the maximum efficiency of the resonant circuit considering soft-switching operation were clarified by the theoretical analysis. Furthermore, the relationship between the soft-switching operation and the hard-switching operation regarding the efficiency was clarified. In the experiments, it could be understood that the efficiency in the soft-switching operation becomes higher than the efficiency in the hard-switching operation when the operating point of the resonant circuit was close to the high-efficiency condition (12) . In addition, the maximum improvement value was 0.5% when the output power was 2.4 kW. The reason was that the efficiency drop due to the deviation from (12) was small in the condition. As a result, it was suggested that the efficiency of IPT systems could be improved by properly regulating the primary-side DC voltage E 1 , which can be controlled by using an active filter system connected to a grid. Moreover, it was shown that there was a possibility where the efficiency of IPT systems could be improved by controlling E 1 to the optimum value where V 2_1 /V 1_1 satisfied (12) .
From the above, the influences on the efficiency of the resonant circuit with soft-switching operation were clarified by the theoretical analysis and experiments, and the guidelines for improving the efficiency of IPT systems were shown. In future work, the effectiveness of the proposed guideline will be clarified by using an active filter system connected to a grid for controlling the primary-side DC voltage of IPT systems.
